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Abstract 
Geopolymers are amorphous to semi crystalline polymeric products formed by the alkali activation of alumino-
silicate materials with alkaline silicate solution at ambient or slightly elevated temperatures, which can be used as 
alternative to ordinary cement. In this paper, the feasibility of geopolymer binder from terracotta roof tile waste was 
investigated by varying different parameters like concentration of sodium hydroxide, proportion of sodium silicate 
to sodium hydroxide solution, alkaline activator to binder ratio and elevated temperature curing. Strength 
characteristics of geopolymer mortars at 7 and 28 days were investigated and SEM analysis was conducted for 
establishing the feasibility of roof tile powder waste as a potential source of geopolymer. 
© 2015 The Authors.Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of RAEREST 2016. 
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1. Introduction 
The world is facing the challenges of global warming and climate changes due to the emissions of CO2, 
greenhouse gases and other environmental pollutants. Geopolymers are amorphous to semi crystalline polymeric 
products formed by the alkali activation of alumino-silicate materials with alkaline silicate solution at ambient or 
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slightly elevated temperatures, which can be used as alternative to ordinary cement. The sustainable and 
environmental friendly approaches points towards Geopolymer technology which minimizes energy requirements 
and CO2 emissions by using industrial wastes and by products. Generally, materials containing mostly amorphous 
silica (SiO2) and alumina (Al2O3) are a possible source for geopolymer production. Palomo et al. [1] concluded that 
the concentration of the alkaline activator plays a crucial role in the polymerization reaction which was confirmed 
by the studies of other authors also [2, 3]. The addition of sodium silicate solution to the sodium hydroxide solution 
as the alkaline activator enhanced the reaction between the source material and the solution [4, 5, 6, 7]. Initially the 
geopolymer research was concentrated on the waste material fly ash only. At ambient temperature, 
geopolymerization reaction of the raw fly ash is extremely slow [8], which was enhanced by mechanical activation 
or addition of ground granular blast furnace slag to fly ash [9,10,11,12]. Some other authors reported that increased 
curing temperature exhibited the best physical and mechanical properties [8,6,13,14]. In recent years many research 
works has been carried out to investigate the possibility of utilizing industrial waste materials as raw material in the 
production of geopolymer cements [15, 16, 17]. Terra cotta tile industry is one of the traditional industries of Kerala. 
Around 20000 tons of damaged / faulty tiles are produced during the manufacture of terracotta roof tile annually. In 
this paper the feasibility of geopolymer binder from terracotta roof tile waste (TRTW) and the effects of different 
parameters on the proposed geopolymer binder are presented. 
2. Materials and Experimental Details  
2.1 Materials  
TRTW were collected from a terracotta tile factory (St.Josephs Clay Works, Kalady, Kerala). It was then 
crushed and powdered to a particle size less than 75µm using ball mill. Fig. 1.shows the particle size distribution 
curve of TRTW powder determined by hydrometer analysis. Table.1and Fig.2.shows the chemical composition 
obtained by X-Ray Fluorescence (XRF) analysis and microstructure by Scanning Electron Microscope (SEM) 
analysis of TRTW respectively. 
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                            Fig.1. Particle size distribution curve of TRTW powder                                                    Fig.2. SEM image of TRTW                                
 
Table.1.Minerological composition of TRTW 
 
Compound SiO2 Al2O3 Fe2O3 MgO K2O TiO2 CaO Na2O P2O5 MnO 
% Weight 54.79 30.66 9.54 0.82 1.49 1.24 0.56 0.30 0.21 0.06 
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Table.2. Properties of the materials 
 
 
 
 
 
 
 
 
2.2 Experimental Programme 
 
The various parameters such as molarity of sodium hydroxide (NaOH), Sodium silicate to sodium 
hydroxide (SS/SH) ratio, Alkali activator to binder (A/B) ratio and curing temperature were varied and effect of 
each of these on compressive strength of the proposed geopolymer binder were studied. Experimental programme 
and the mix proportion are shown in Table. 3. and 4. 
 
Table.3. Mix proportion for various molarities with curing temperature 65oC 24 hr for geopolymer mortar per cube. 
 
Mix ID Molarity SS/SH ratio A/B ratio TRTW Sand 
Na2SiO3 
solution 
NaOH pellet Water 
Unit M - - gm gm gm gm gm 
G1 5 2.5 0.8 200 600 114.3 7.62 38.1 
G2 10 2.5 0.8 200 600 114.3 13.06 32.65 
G3 11 2.5 0.8 200 600 114.3 13.97 31.75 
G4 12 2.5 0.8 200 600 114.3 14.83 30.89 
G5 15 2.5 0.8 200 600 114.3 17.14 28.57 
G6 20 2.5 0.8 200 600 114.3 20.32 25.4 
 
Table.4. Mix proportion for various SS/SH ratio and A/B ratio with curing temperature 65oC 24 hr for geopolymer mortar per cube. 
 
Mix ID Molarity SS/SH ratio A/B ratio TRTW Sand 
Na2SiO3 
solution 
NaOH pellet Water 
Unit M - - gm gm gm gm gm 
G3 11 2.5 0.8 200 600 114.3 13.97 31.75 
G7 11 1.5 0.8 200 600 68.57 13.97 31.75 
G8 11 2.0 0.8 200 600 91.43 13.97 31.75 
G9 11 3.0 0.8 200 600 137.14 13.97 31.75 
G10 11 2.5 0.4 200 600 57.14 6.98 15.87 
G11 11 2.5 0.5 200 600 71.43 8.73 19.84 
G12 11 2.5 0.6 200 600 85.71 10.48 23.81 
G13 11 2.5 0.7 200 600 100 12.22 27.78 
G3 11 2.5 0.8 200 600 114.3 13.97 31.75 
G14 11 2.5 0.9 200 600 128.57 15.71 35.71 
G15 11 2.5 1.0 200 600 142.86 17.46 39.68 
G16 11 2.5 1.1 200 600 157.14 19.21 43.65 
Material Property Value 
TRTW Specific gravity 2.8 
River Sand 
Specific gravity 2.8 
Fineness Modulus 2.93 
Sodium Hydroxide pellet Purity 97% 
Sodium silicate solution 
grade Extra pure 
density 1.39g/cm3 
pH 11.2 
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2.3 Specimen preparation 
The alkali activator was prepared by dissolving NaOH pellets in distilled water and mixed with sodium silicate 
solution in specified ratio at least one day prior to the casting of geopolymer specimens. After mixing the TRTW 
powder and river sand (1:3) thoroughly, the alkali activator was added and mixing continued for another 4-5 
minutes. The geopolymer mortar specimens (70.6x 70.6 x70.6 mm) were casted by giving proper compaction as per 
the experimental programme given in Table.3 and 4.After the preliminary set of experiments by varying the 
different influencing parameters, the specimens were prepared by varying molarity from 5M to 20M as per Table.3. 
Experimental programme was further continued by varying SS/SH ratio from 1.5 to 3 with the optimized molarity as 
per Table.4. In the succeeding stage A/B ratio was varied from 0.4 to 1.1, with the optimized values. In the final 
stage of experimental programme, curing temperature was varied from 35oC to 65oC for 24hrs. The demoulded 
specimens were then kept at room temperature till testing. 
2.4 Testing and analysis methods  
The compressive strength test was carried out to evaluate the strength development of the specimens as per IS: 
4031(part 6) [18]. SEM analysis was conducted to assess the microstructure of geopolymer. 
3. Results and Discussion 
3.1 Influence of  molarity of NaOH on compressive strength 
 
Fig.3. Influence of molarity on compressive strength 
 
The results of TRTW based geopolymers at 7 and 28 days of curing with different molarities of NaOH (5M 
to 20M) is shown in Fig. 3.The compressive strength increases with increase in molarity of NaOH up to 11M. As the 
concentration of NaOH solution increases, the activation of TRTW powder become quicker due to the increase of 
solubility of alumino-silicate which produce higher content of the reaction products. Good geopolymer gel is 
observed in the SEM image (Fig.4(b)) which confirms the result. This observation was supported by the previous 
researchers also [11,19,20,21]. 
However, the compressive strength decreases with further increase in molarity due to the reduction in 
polymerization reaction. With 20M molarity some crystalline structure was observed in the microstructure along 
with unreacted particles due to the incomplete polymerization. Fig. 4(c) supports the above explanation. Here 
Na+and OH-ions become excess and accelerates the dissolution of particles, but the rate of polycondensation gets 
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lowered resulting in low compressive strength [19, 22]. But when molarity decreases (below 11M) the degree of 
reaction reduces. In Fig. 4(a) unreacted particles were observed which supports the low strength. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4(a) SEM image with 5M, (b) SEM image with 11M,(c) SEM image with 20M. 
3.2 influence of SS/SH ratio on compressive strength 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.Influence of SS/SH ratio on compressive strength 
 
Fig.5. shows the compressive strength at 7 and 28 days with various SS/SH ratios (1.5 to 3). An increase in 
compressive strength was observed for SS/SH ratio up to 2.5. This can be due to the increased geopolymerization 
reaction owing to the presence of sufficient sodium silicate for the formation of geopolymeric gel [16]. Fig. 6(b) 
supports the above explanation for high strength. The improvement of strength with addition of sodium silicate is 
only up to certain level. On further increase in SS/SH to 3, a reduction in strength was observed. At this ratio, the 
inhibition of the geopolymerization reaction through the Al-Si phase precipitation prevents contact between reacting 
materials and activating solutions. Also the lower the workability of the mix produces high porosity [23]. Unreacted 
particles and very little geopolymeric gel were observed in Fig. 6(c), which agrees with the above explanation. 
 
 
 
 
 
 
 
 
 
                      Fig.6(a)SEM image with SS/SH ratio 1.5, (b)SEM image with SS/SH ratio 2.5, (c)SEM image with SS/SH ratio 3 
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3.3 Influence of alkali activator to binder ratio on compressive strength 
Fig. 7. shows the compressive strength at 7 and 28 days with various A/B ratios (0.4 to 1.1). At A/B ratio 1.1, 
the mix had extremely low viscous to mold properly and at A/B ratio 0.4 very limited workability was observed for 
good compaction thus results in low strength value. At A/B ratio 0.8 the activator content is optimum, which allows 
continual dissolution of raw materials, not hindering the poly condensation rate during the geopolymer synthesis and 
allows the maximum geopolymeric gel formation which is visible in Fig.8 (b). When the ratio increased (above 0.8) 
there was more activator content and many air bubbles may embed in the structure due to which voids were left after 
water evaporation, which caused decline in strength which is visible in Fig.8 (c). Additionally, the excess OH 
concentration left in the system weakens the structure of geopolymer and reduce the strength. In contrast, at low A/B 
ratio (below 0.8) the mixture was of low workable and difficult in compacting and molding the mixture into the 
mould. This poor compaction can led to reduction in compressive strength due to non-homogeneity and large voids. 
Also the less water content, leads to difficulty in diffusion of dissolved species, which will hinder the poly 
condensation rate. Unreacted materials were observed in microstructure due to which the compressive strength 
reduces. Fig.8(a) agrees the above explanation. 
 
 
Fig.7. Influence of A/B ratio on compressive strength 
 
 
 
 
 
 
 
 
 
 
                               Fig.8 (a)SEM image with A/B as 0.5, (b)SEM image with A/B as 0.8, (c) SEM image with A/B as 1.0 
 
3.4 Influence of curing temperature on compressive strength 
Fig. 9. shows the compressive strength variation at 7 and 28 days in varying temperatures (35oC to 75oC) .The 
maximum compressive strength was confirmed with samples cured at 65oC for 24 hr (Fig.10(b)). On further increase 
in temperature, cracks were developed resulting in low strength, supports Mustafa et al. [2] also. Polymerization or 
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condensation reaction was not well established at high temperature curing, leading to reduction in compressive 
strength (Fig.10(c)). At high temperature the exothermic reactions results in the drying up of the sample leading to 
the formation of micro-cracks resulting in porosity [13],whereas the slow rate of reaction at lower temperature 
(Fig.10(a)), delays the attainment of strength.  
 
 
Fig.9. Influence of elevated curing temperature for 24 hours on compressive strength 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10.(a)SEM image with curing at 35oC, (b) SEM image with curing at 65oC, (c)SEM image with curing at 75oC 
4. Conclusion 
 The feasibility study presented in this paper establishes the potential of TRTW as geopolymer binder under 
the optimized conditions such as:-  
 
• Molarity of sodium Hydroxide   -  11M 
• Sodium silicate to sodium hydroxide ratio   -   2.5 
• Alkali activator to binder ratio     -  0.8 
• Curing condition    -   65oC for a duration of 24 hrs.  
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